The Greenland Ice Core Chronology 2005, GICC05, is extended back to 42 ka b2k (before 2000 AD), i.e. to the end of Greenland Stadial 11. The chronology is based on independent multi-parameter counting of annual layers using comprehensive high-resolution measurements available from the North Greenland Ice Core Project, NGRIP. These are measurements of visual stratigraphy, conductivity of the solid ice, electrolytical melt water conductivity and the concentration of Na + , Ca 2+ , SO 4
Introduction
Very accurate dating is essential in order to draw maximum benefit from the large amount of climate data evolving from the palaeoclimate community. Ice cores are palaeo archives reaching several hundred thousand years back in time (Greenland Ice-Core Project (GRIP) Members, 1993; Bender et al., 1994; Petit et al., 1999; EPICA community members, 2004; NGRIP Members, 2004) , and under optimal conditions, the age-depth relationship is relatively simple and well-understood as compared to many other sediments. The annual accumulation rate at the drill sites of deep ice cores in Greenland and Antarctica spans from a few centimetres of ice equivalent per year in Central Antarctica to more than half a metre of ice equivalent per year e.g. in central Southern Greenland.
Deep ice cores have been dated by annual layer counting, flow models, wiggle matching to existing time scales or a combination hereof. Annual layer counting has mostly been applied at high accumulation sites and for the upper parts of the ice cores, where layer thinning due to ice flow is limited. Ice flow models have been applied to most ice cores drilled on the large ice sheets, but the accuracy is highest for ice cores drilled at optimal sites with little flow disturbance. Wiggle matching to existing ice core time scales or orbitally tuned marine records has often been used as a first indication of the age of an ice core, especially for Antarctic ice cores reaching half a million years and more back in time. Greenland ice cores generally have a higher temporal resolution than Antarctic ice cores, and thus have a higher potential for accurate dating. The so far most used stratigraphic ice core chronology for the last glacial period is that of the GISP2 ice core Alley et al., 1997; Meese et al., 1997) , based on visual stratigraphy (VS), high resolution Laser Light Scattering measurements, and the conductivity of the solid ice. The most used timescales for the GRIP ice core are the model timescales ss09 (Johnsen and Dansgaard, 1992) and ss09sea (Johnsen et al., 2001) . A very thorough review of the different timescales applied for the GRIP and GISP2 ice cores was given by Southon (2004) .
Recently a stratigraphic dating initiative, the Greenland Ice Core Chronology 2005, based on the DYE-3, GRIP and NGRIP Greenland ice cores constructed a timescale back to 14.8 ka Vinther et al., 2006) . The most recent part back to 7.9 ka is based on high resolution isotopic measurements from several Greenland ice cores, but beyond this age isotopic diffusion obliterates the annual cycle in the isotopic records . Rasmussen et al. (2006) presented the continuation of the multi-parameter dating through the lateglacial oscillations, i.e. back to 14,776 yr b2k (before 2000 AD, i.e. corresponding to 14,726 yr BP). The early Holocene part of the dating is based on high resolution data from both the GRIP and the NGRIP ice cores, while the glacial part is solely based on high resolution measurements from the NGRIP ice core. In this work we present the continued multi-parameter dating from 14,777 to 41,761 yr b2k, covering the Greenland Interstadials (GI) 2-10 and Greenland Stadials (GS) 2-10 within Marine Isotope Stages (MIS) 2 and 3. The numbering of Greenland stadials and interstadials in this work is according to Bjo¨rck et al. (1997) and Walker et al. (1999) . A thorough comparison of the presented chronology with other comparable timescales such as the modelled ss09sea timescale and the GISP2 timescale is given in the companion paper by Svensson et al. (2006) .
High resolution data sets from the NGRIP ice core
The NGRIP ice core from North Central Greenland (Dahl-Jensen et al., 2002; NGRIP Members, 2004 ) is very well suited for stratigraphic dating of the last glacial period. Due to melting at the base of the ice sheet at NGRIP the thinning of the annual ice layers is considerably less than for other Greenland deep ice cores, and the annual layer thicknesses on average remain around 7 mm ice yr À1 throughout the deepest part of the core. The effect of the decreased thinning is strongest below $2500 m, but together with the moderately low accumulation and the different strain regime at NGRIP it implies that the annual layer thickness throughout most of the glacial period at NGRIP is higher than at sites such as GRIP and GISP2, where no basal melting occurs. Fig. 1 shows the modelled annual layer thicknesses (see Appendix A) for the GRIP and NGRIP cores. Below about 1850 m corresponding to 24 ka b2k the layer thicknesses at NGRIP become larger than at GRIP.
High resolution data sets
Continuous high resolution measurements have been obtained over a large part of the NGRIP ice core. For the glacial part these measurements include Continuous Flow Analysis (CFA) of chemical impurities, insoluble dust and electrolytical conductivity on continuously melted ice samples (Ro¨thlisberger et al., 2000; Ruth et al., 2003; Bigler, 2004) , Electrical Conductivity Measurement (ECM) on the solid ice (Hammer, 1980; Dahl-Jensen et al., 2002) and the VS grey-scale profile (Svensson et al., 2005) . All Fig. 1 . Modelled annual layer thicknesses using the ss09sea model for the GRIP core (Johnsen et al., 2001 ). The NGRIP timescale was obtained using the ss09sea timescale for the NGRIP core adjusted for bottom melting and adjusting slightly to the GRIP time scale (NGss06bm model, see Appendix A). . They were recorded at 1 mm resolution, but the effective resolution (the shortest wavelength that can be identified from the data) is between 10 and 25 mm (Ro¨thlisberger et al., 2000; Rasmussen et al., 2006) . However, due to postdepositional effects, the annual cycle of HCHO and H 2 O 2 is not preserved in the ice and those two components cannot be used for stratigraphic dating in the glacial. The ECM record was also sampled at 1 mm resolution and has an effective resolution of about 4 mm . The VS is based on digital imaging of the ice core (Svensson et al., 2005) . Due to the very high resolution especially the VS record shows a high degree of sub-annual variations which can make the identification of the annual layers more complicated. Hence the VS data have here been smoothed with a Gaussian filter of about 2 mm. This is much narrower than the annual layers, and the layer identification is thus not influenced.
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When combining different sets of measurements, relative depth control is important. For the VS record a digital camera is mounted above the ice on a moving trolley, and the depth control for this record is very accurate. CFA measurements of the different species were carried out in parallel on the melt water from a 3 cm by 3 cm slab of the ice core. The absolute accuracy of the depth control is better than 1 cm, and offsets between the different records are limited to some millimetres. The depth control of the ECM is less accurate than for the other measurements, as this measurement is performed by pulling a set of electrodes by hand over the cleaned ice surface. Experience from this work shows that gliding offsets up to about 5 cm over a section of 1.65 m may be found, but it is generally accurate to within a few centimetres.
Data quality
As the annual layers in the investigated part of the ice core are relatively thin, sections of missing data could potentially make the layer identification impossible. However, in the presented part of the NGRIP ice core data loss is minimal, and the multi-parameter approach means that data gaps in individual data sets used for the dating are rarely significant. The VS measurements and ECM were performed on a cleaned horizontal surface of the core without further sampling, and without significant data loss across core breaks. For the CFA measurement short sections of missing data occur at core breaks where some ice had to be removed when de-contaminating the core. Regular cuts at the ends of the samples only give rise to very short breaks in the data sets but around irregular breaks a few centimetres of data may be missing as the sample pieces had to be trimmed. This means that a few annual layers may be missing in the CFA records over the breaks. The data gaps across breaks are normally smaller for ECM than for CFA, and VS is measured across the core breaks without data gaps. The breaks give rise to characteristic peaks in VS at the position of the breaks, but the total dating uncertainty across core breaks is small.
Over the investigated depth interval between 1604 and 2128 m, corresponding to 15-42 ka b2k, data gaps of more than 0.5 m are rare for the records used. Data gaps in [SO 4 2À ] and [Na + ] amount to 12-13 m, corresponding to 2.5%. For the other records 0.1-1.3% of the data are missing, except for VS which is continuously measured over the whole section presented. For two sections of about 0.5 m length (1623-1623.35 m and 1753.4-1754 m) coincident data gaps are found for several CFA records. Increased uncertainty in the dating due to data gaps is reflected in the error estimate given, and is thus largely accounted for.
Identification of annual layers
Annual layers in Greenland ice cores can be detected from the seasonal variations in the concentrations of impurities deposited in the ice and thus in the measured chemical composition and conductivity (Hammer et al., 1978; Steffensen, 1988; Beer et al., 1991; Whitlow et al., 1992; Ram and Koenig, 1997) . It has also been shown that visible stratigraphy and variations in physical properties of the ice can reveal the annual layering Meese et al., 1997; Svensson et al., 2005) .
Counting strategy
In this study the annual layers were identified by two experienced investigators, who both contributed to the dating of the period 8-15 ka using the same type of records from the NGRIP ice core . Based on this experience each investigator individually counted the investigated period, whereafter the two counts were compared. Whenever discrepancies in a section were of the same order or larger than the error estimate assigned by the investigators the annual layer marks were re-examined and placed in co-operation between the investigators.
As seen in Fig. 1 annual layers just below the onset of the Bølling, i.e. below 1600 m, are expected to be at most 3 cm thick, which is comparable to the Younger Dryas section. Deeper in the core significantly thinner layers are expected, and the identification of annual layers between 1600 and 2120 m depth had to be based mostly on the best resolved records. These are the VS, ECM and conductivity measurements, whereas some of the CFA measurements like insoluble dust and partly [Ca 2+ ] were disregarded due to insufficient resolution.
The error estimate for the GICC05 time scale is introduced through 'uncertain annual layers' which are counted as 0.570.5 years in the same manner as described by Rasmussen et al. (2006) . Uncertain annual layers are assigned when only some of the used records display an annual signal, when the relative timing of seasonal peaks is inconsistent with our interpretation, or if it is in some other way judged that the probability of a certain feature being an annual layer lies somewhere between 25% and 75%. The accumulated error obtained by summing up the uncertain annual layers is called the maximum counting error (MCE). For N uncertain layers it amounts to N Â 0.5 years.
Annual layer signature
A very distinct signature of the annual cycle in the concentration of chemical species in recent Greenland ice has been described by several authors (Steffensen, 1988; Beer et al., 1991; Whitlow et al., 1992) . As described by Rasmussen et al. (2006) ]. The conductivity merely reflects the total content of ions in the melt water, and can to some degree be seen as the sum of the impurity concentrations. As described above, the different impurity concentrations peak in different seasons in warm periods and this is reflected by multiple peaks within a year in the conductivity, ECM, and to some degree VS records. In the colder Younger Dryas period Rasmussen et al. (2006) found that these seasonal differences disappear, and that most species peak at the same time of the year. Although this is not always the case for [NH 4 + ] , it has the effect that interpretation of the annual signal in conductivity, ECM, and VS becomes more straightforward in the cold periods than during the warmer periods.
For the identification of the annual layers in this work all relevant records were plotted at 1 mm resolution against depth, as depicted in Figs. 2 and 3. Small depth offsets were eliminated before identifying the annual layers by shifting especially the ECM record to match the VS record. As seen in Figs ECM, and VS signals, and to some degree the conductivity, although at a somewhat lower resolution. For the identification of the annual layers 40-50 cm of data were plotted at a time. In Figs. 2 and 3 grey bars indicate annual markers, which have been placed in conductivity maxima. Open bars indicate uncertain layers, i.e. 0.570.5 year. Fig. 2a shows a section from a cold stadial period, where the annual layer thickness is around 1.5 cm. Although the individual annual peaks are not resolved in the chemical records the marked and distinguishable peaks in VS and conductivity and marked minima in ECM (note the reversed scale) indicate that the maxima in all chemical records are synchronous, as was also observed for the cold Younger Dryas period. It may be noted that the very high levels of alkaline dust in the glacial ice (Ruth et al., 2003) do not obliterate the seasonal signal in ECM during the coldest periods. In Fig. 2a an uncertain year is placed at 1906.41 m. This marker indicates that the wide peak at 1906.42 m could as well be 2 years as suggested by the extra peak in VS, and the shoulder in ECM. Fig. 2b shows the annual layering at 2062 m depth within the very warm part of the GI-8 period. The annual layer thickness is approximately twice that of the stadial period shown in Fig. 2a, and During the cold MIS2 period, which includes the coldest part of the last glacial period (Fig. 1) , the annual peaks are mostly synchronous for the different species. Nevertheless short sections and even individual years with a seasonal shift in the peaks occur from time to time. This is exemplified in Fig. 3 where the annual peaks are mostly in phase for the different species, but slight offsets in the maxima are found for the two annual markers around 1657.95 m. Here peaks in [SO 4 2À ], and [Na + ] clearly occur earlier than for the other species. This is also reflected by broad peaks in conductivity, ECM, and VS, as compared to the more distinct peaks on the right hand side of the plot. Uncertain layers are assigned at 1657.92 and 1658.04 m depth. At both depths peaks are found in VS, and shoulders in ECM and partly conductivity, but it is not clear from the records of the chemical impurities that these are actual annual layers. A satisfactory explanation for the difference between cold periods with coincident maxima in most profiles and warmer periods with a more frequent seasonal pattern is so far not evident. Based on model simulations it has been suggested, that winter precipitation in Greenland may have been severely reduced during the coldest parts of the last glacial period (Krinner et al., 1997; Werner et al., 2000) . This could imply that most impurities are efficiently deposited in spring to summer when the first precipitation events occur. If the seasonality during the remaining part of the year was preserved, the species that in warm periods peak in summer or autumn, like [ . We, however, find synchronous maxima for all species. Another explanation could be changed long-range transport towards the Greenland Ice Sheet during the coldest parts of the glacial. In the data presented here we observe shifts between the two modes of deposition on a year-to-year basis, and across the transitions between stadials and interstadials, a shift in the major signature of the annuals occurs within very few years. This points towards a feature caused by changes in atmospheric circulation. Bromwich et al. (2004) suggested a split jet stream pattern around the Laurentide Ice Sheet during the LGM. Favourable transport north or south of the Laurentide during different time periods could possibly be an explanation for the feature observed here. The issue of changes in seasonal deposition merits further investigations, possibly with the use of high resolution General Circulation Models. A complete understanding is, however, not crucial for the stratigraphic dating.
Resolution of the measured species
Diffusion and mixing during measurement of the different impurity records acts to obliterate the high frequency variations. As shown by Svensson et al. (2005) the very highly resolved VS record could be modified to resemble most of the glacial CFA measurements by folding with an appropriate Gaussian filter, i.e. applying artificial diffusion. The number of layers identifiable from an individual record is highly dependent on the measurement resolution, as higher resolved records introduce more details about individual depositional events, and thus may not show a unique annual peak. This point was tested here by simply counting the number of peaks, for the individual records over 50 m of ice core, covering GI-3 and GI-4, without considering any information from the other species in contrast to the multi-parameter approach. Fig. 4 clearly illustrates the measurement resolution of the different measured species. The VS signal is very highly resolved, and sub-annual peaks are registered which are attributable to larger precipitation events and during warm periods to the different timing of the maxima for different impurities (Svensson et al., 2005) . The resolution of the VS record is always sufficient to resolve the annual layers, but the sub-annual layering may mask the annual signal, and make it hard to identify. However, in the cold periods minor peaks are normally easily grouped into annuals by visual inspection. The resolution of the ECM profile is appropriate to identify the annual layers in the cold periods. In the warmer interglacials the seasonal offset in the different species makes the ECM signal harder to interpret, and in fact using ECM only, the apparent layer thickness across the stadials and interstadials is almost constant (Fig. 4) . The conductivity profile is subject to the same limitations as the ECM signal, in that multiple peaks occur within one annual layer during warm periods. In the colder stadials the resolution is marginal for the identification of annuals layers, but the profile may support the counting based on VS and ECM. The sodium profile represents most chemical species, in that annual peaks are reliably represented during interglacials, but the thin stadial layering is not resolved, and the apparent annual layer thickness using sodium alone only decreases slightly in the stadial period. The interpretation of annual layers in the presented work is thus based on our experience of the different seasonal behaviour of the different species during cold and warm periods. This interpretation is supported and facilitated by the shape of the VS and ECM curves which is very dependent on the relative timing of seasonal peaks in the chemical components. The annual layer counting across the stadials and interstadials is thus only possible in a multi-parameter approach. Fig. 4 . The apparent annual layer thickness across GI-3 and GI-4, when layer counting was based only on the peaks in one record at a time. None of the applied records alone suffices to correctly represent the annual layers (see details in Section 3.3).
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Uncertainty estimate
As described by several authors Rasmussen et al., 2006; Vinther et al., 2006) errors and counting uncertainty in stratigraphic ice core dating may derive from several sources, such as imperfect core stratigraphy, core loss, data loss, and insufficient resolution and misinterpretation of the records. As discussed in Section 2.2 core loss is negligible in this part of the NGRIP ice core, and the stratigraphy is barely hampered by the short sections of data loss. The data resolution is always sufficient for annual layer identification in VS and ECM, although it becomes marginal for the conductivity measurements in the coldest periods. In general, lower reliability of the dating due to missing data or marginal data resolution is always reflected in the number of uncertain year marks, and thus in the MCE.
Possible interpretation bias
Misinterpretation of the data and insufficient resolution potentially comprise larger problems in the glacial section of the GICC05 stratigraphy presented here, than in the more recent sections, because annual layers are thinner in the glacial. A direct assessment of the possible interpretation bias is, however, not possible. Comparisons with other available timescales for this period such as presented by Svensson et al. (2006) , may give an indication of the bias. Shorter term disagreements with both the GISP2 stratigraphy and the modelled ss09sea time scale are found, but they are mostly attributed to shortcomings in those timescales. The overall agreement with reference horizons such as the Laschamp event 41 ka b2k is good and within the error margins.
The reproducibility of the counting strategy applied here was tested, in that annual layers in the interval 1600-1860 m were identified independently by both investigators. This resulted in, respectively, 12,878 years with an MCE of 612.5 years (4.8%) versus 12,714 years with an MCE of 631 years (5%), which is a difference of 164.5 years corresponding to 1.3%, i.e. considerably less than the MCE. Over the stadial-interstadial variations of MIS3 annual layer thicknesses in the stratigraphy have subsequently been compared to the modelled layer thicknesses displayed in Fig. 1 (see also Svensson et al., 2006) . Although there are clear differences, both in the mean layer thickness over sections and the temporal variations, the generally good agreement indicates that our interpretation of the annual signal is reasonable.
Although we cannot definitely claim that the stratigraphy presented here may not be biased through misinterpretation of the annual layering, the applied interpretation is in line with experiences from the shallower parts of the NGRIP ice core, and it provides results which are in general agreement with independent dating efforts (see also Svensson et al., 2006) .
Discussion of error estimate
Lotter and Lemcke (1999) reviewed methods and problems in the counting of biochemical varves. Some of their conclusions are also applicable to counting of annual layers in ice cores. They suggest that the counting error be estimated through either repeated counts by one analyst or several analysts counting the same section in the same manner. This is the method that was applied for the GISP2 stratigraphy Meese et al., 1997) . The error may be estimated as the root mean squared error of the different counts, but this estimate is too optimistic because it does not take into account that the counters are not necessarily completely independent, as they may have the same bias. The maximum and minimum deviations should therefore also be given (Lotter and Lemcke, 1999) . The rationale of reporting maximum and minimum deviations in a way corresponds to the MCE given here, which is simply the accumulated sum of the uncertain layers counted as 0.570.5 years. We here found that the difference in multiple counting was generally either comparable to or lower than the MCE indicated by the experienced analysts, and we chose to apply the MCE as the maximum deviation. We consider the MCE to be a conservative error estimate.
Around the onset of GI-8 at 38.2 ka b2k the MCE is 1450 yr, which means that from present day back to 38.2 ka 36,750 certain and 2900 uncertain annual layers have been identified. Under the assumption that the data resolution is sufficient to resolve annual layers, that missing annual layers are not a major problem, and that loss of data and core is considered negligible, the MCE constitutes a very conservative error estimate because it is obtained by linear error accumulation. A total error of 1450 yr at the onset of GI-8 would mean that either all or none of the uncertain years identified through almost 40 ka, including interglacial, stadial and interstadial periods are true annual layers. This must be regarded as highly unlikely.
A different approach to estimate the error would be to assume that the uncertain years are completely uncorrelated and thus binomially distributed. By definition the uncertain marks are set when it is estimated that the probability p of having a year is 0:25opo0:75. Therefore, ideally one could simply calculate the standard uncertainty as 1 2 Á sqrt ðNÞ, where N is the number of uncertain annual layers, i.e. N ¼ 2 Á MCE. This approach would lead to a 1s error of 27 years at the onset of GI-8. However, as also discussed by Rasmussen et al. (2006) this must be regarded an unrealistically low error because in general the uncertain layer marks are likely not to be completely independent, but rather somewhat biased, e.g. in sections where the data resolution is limited or in sections where multiple peaks within an annual layer appear frequently for some of the species.
Because there is a need for providing a reasonable error estimate that is comparable to the 1s error applied in absolute dating, we propose the application of an alternative error estimate. As a reasonable and simple compromise between the two distributions presented above we assume that the probability distribution of ages around an age D, is a triangle that is centered on D and for which the length of the baseline is equal to the number of uncertain annual layer marks (Fig. 5) . This leaves room for a large degree of correlation between the uncertain years, and at the same time is consistent with MCE being the maximum counting error. A triangle can be rather well approximated with a Gaussian and we use the 2s error of a corresponding Gaussian distribution as an apparent maximum error estimate for the triangular distribution. As seen in Fig. 5 a Gaussian distribution with 2s equal to half the width of the triangle makes a good approximation to the triangle. We thus suggest to regard MCE as the 2s error. We stress that this is a pragmatic approach and not a true s uncertainty, but we find this to be a good compromise between the very conservative MCE and the very restrictive 1 2 Á sqrtðNÞ error. It still allows for a quite significant bias in the counting. At the onset of GI-8 the apparent 1s error is 724 years, which we consider a very reasonable error estimate.
Results and discussion
The investigated section from 1607 to 2128.5 m depth in the NGRIP ice core represents the time period from 14,777 to 41,761 yr b2k. The NGRIP d
18 O profile and the annual layer thicknesses derived from GICC05 are displayed in Fig. 6 together with the relative and absolute counting error. Annual layer thicknesses are closely related to the climatic state as indicated by the d 18 O profile, e.g. over the stadial-interstadial shifts, but smaller variations in d
18 O such as in GS-2 are not reflected in the annual layer thickness. A comparison of the timescale derived here with the ss09sea model timescale is presented by Svensson et al. (submitted for publication). The observed layer thickness for GS-2 is around 2.5 cm, but it changes abruptly across GI-2 to 1.5-2 cm in GS-3. Thin layers of around 1.5 cm are found for the stadial periods GI-3 to GI-10, whereas the layers in the interstadial periods GI-3 to GI-10 on average are about twice as thick.
The onsets of the interstadials determined as the midpoint of the sharp increase in 20 years averaged d
18 O (Fig. 6 ) are given in Table 1 together with the 1s counting uncertainty, as defined in Section 4.2. These uncertainties are comparable to uncertainties given for other dating methods in this period, but one of the main strengths of a stratigraphic timescale such as GICC05 is in the differential dating, i.e. the small uncertainty in the duration of climatic periods. The duration of the individual stadial-interstadial variations is also given in Table 1 . The 1s uncertainty in duration ranges from 1.5 to 3.4%, i.e. from 27 years for the short (1300 year) GI-10 to GS-10 period to 206 years for the 8660 years long GI-2 to GS-2 period.
The counting error (Fig. 6 ) generally varies oppositely to the layer thickness such that higher uncertainties are found for the thinner stadial layers than for the thicker interstadial layers (Fig. 6) . This difference arises because the chemical records do not resolve the thin stadial layers such that the counting is based on fewer parameters. On average we find a 1s uncertainty of 2.4% in GS-2, 3.2% in GS-3 to GS-10, and 1.9% in GI-3 to GI-10. The counting uncertainty in GS-2 is relatively low as compared to the other stadials due to the somewhat thicker annual layers in this period.
In order to be able to compare the annual layer thicknesses in the depth interval investigated here to those of the Holocene (Andersen et al., 2006, accepted) and the last glacial termination the obtained annual layer thicknesses have been strain corrected based on the NGss06bm model (see Appendix A). We thus derive estimated annual accumulation rates, l corr , in ice equivalent, representing the actual amount of accumulation per year. Fig. 7 displays the distribution of l corr for the single years in GS-2, and the stadials and interstadials of the remaining period. The distributions are based on 7400 years in GS-2, 12,470 stadial years and 2920 interstadial years in GI-3 to GI-10. For the latest 2000 years of the Holocene and also in climatically relatively stable periods of the last glacial termination annual layers have been found to be approximately lognormally distributed, i.e. the logarithm of l corr being normally distributed (Andersen et al., 2006, accepted; Rasmussen et al., 2006) , which is in line with the annual accumulation being the sum of positive independent precipitation events. We see here that this is also the case for similar climatic states during the last glacial. The median of l corr , which corresponds to 10 m (Fig. 7) is in the following denoted /l corr S. It is in Table 2 compared to results for the periods investigated by Rasmussen et al. (2006) . /l corr S for the stadial periods is 5.5-6.2 cm, i.e. about one-third of the present day accumulation rate of 19 cm (NGRIP Members, 2004) . During GI-3 to GI-10 /l corr S is 10.1 cm, around half of today's value. The early Holocene period has ARTICLE IN PRESS somewhat lower accumulation than today, and /l corr S for the Bølling period is significantly higher than for the remaining interstadials. /l corr S for the Younger Dryas is somewhat higher than for GS-2, and an abrupt change in layer thickness occurs over GI-2 with GS-3 to GS-10 showing distinctly thinner layers than GS-2 (Figs. 6 and 3 in Svensson et al., 2006) . The distributions shown in Fig. 7 imply that the probability of a layer thickness being either greater than 2 Á /l corr S or smaller than 0.5 Á /l corr S is only 1.7% for GS2, 2.2% for GS-3 to GS-10 and 1.1% for GI-3 to GI-10 substantiating the assumption that the ice core contains an unbroken stratigraphical sequence of annual layers. The final GICC05 timescale was made by counting every second uncertain layer mark as a year, and the analysis of the distribution of annual layers has also been carried out on the series obtained by including either all or none of the uncertain layers. In both cases the distributions become less symmetric (not shown), and an over-representation of thinner/thicker layers is found. This supports our interpretation of the MCE as a very conservative estimate of uncertainty. A potential criticism of ice core chronologies is the question whether annual layers could be missing, either due to wind scouring having removed annual layers, or precipitation being absent over a full year. Based on the dating accuracy of historically well-known volcanic markers we know that this is not the case for present day at NGRIP. It has been shown that the Holocene stratigraphy at NGRIP compares very well with that from higher accumulation sites , accepted for publication; Rasmussen et al., 2006; Vinther et al., 2006) . During the glacial period the accumulation at NGRIP was reduced to 0.29-0.56 of the present value (Table 2 ). These accumulation rates are comparable to 18 O. The relative counting error (dark brown) is generally larger in cold stadials than in warm interstadials. The accumulated absolute counting error (light brown) begins at a value of MCE ¼ 190 years, which is inherited from the upper parts of GICC05 Vinther et al., 2006) . The curves are displayed as 20 year averages, and the relative counting error is determined over 100 years.
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several Antarctic sites at present. Nevertheless the high resolution VS record (Svensson et al., 2005) still indicates several precipitation events per year during the coldest periods. The present accumulation at the GISP2 site is 24 cm of ice and thus higher than at NGRIP. The correspondence between GICC05 and the GISP2 dating over MIS2 is very good and within our uncertainty estimate (Fig. 2 in Svensson et al., 2006) . This makes us confident that none of the chronologies can be significantly biased by missing annual layers. We believe that the larger disagreement in MIS3 can be attributed to problems in the GISP2 dating, when identifying annual layers across the stadials and interstadials based on only a few parameters. The complicated shifts in the annual signal in that period makes multi-parameter analysis imperative. Moreover the very good fits between log 10 (l corr ) and the Gaussian distributions in Fig. 7 indicate (a) no absence of thin layers, the match is equally good for high and low values and (b) the probability for even half the average accumulation in GS-2 is below 2%. The possible error due to missing layers is thus well within the given uncertainty.
Summary and conclusion
We have here presented the continuation of GICC05 over the time interval from 15 to 42 ka. The chronology is based on a high resolution multi-parameter dataset from the NGRIP ice core, and it is at all times based on 3-7 simultaneous records. An uncertainty estimate for the time scale is given based on the estimated counting error resulting from ambiguous features in the data, insufficient data resolution and occasional data gaps in some of the records. The 1s uncertainty is 828 years for the oldest year of the time scale, 41,761 yr b2k, corresponding to an overall 1s uncertainty of about 2% over the past 42 ka. The differential dating uncertainty is small, and the length of most stadial-interstadial variations is determined with an uncertainty of less than a century. The annual layer thicknesses within similar climatic states are lognormally distributed, and the probability of individual layers being either narrower than half the average thickness or wider than twice the average thickness is less than 2.2%. This together with the good agreement with the GISP2 stratigraphy over the very cold MIS2 period indicates that there is no significant hiatus of annual layers in the NGRIP ice core. The annual accumulation rate during the stadial/ interstadial periods of the investigated time interval was one third/one half of the present day value. Fig. 7 . The upper panel displays the distribution of strain corrected annual layer thicknesses, l corr , for the cold GS-2 period and for the remaining stadials (GS-3 to GS-10) and interstadials (GI-3 to GI-10) taken as one. The lower panel shows the distinction between the different periods. In order to avoid influence from non-stable climatic periods transitional periods are not included and the stadials are chosen as years with 20 years running mean l corr between 3 and 7 cm, and interstadials between 9 and 12 cm. The transitional bounds are shown by the blue horizontal lines. Table 2 Comparison between the flow corrected layer thicknesses for the shown intervals in Fig. 7 The stratigraphic dating of the NGRIP ice core is now being continued back to 60 ka b2k (GI-17) where annual layers become marginal to be identified using the existing records. Preliminary investigations have, however, shown that the annual layers are still present at least back to 78 ka b2k and may be counted using higher resolution records.
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Online data access
Twenty year mean values of NGRIP d
18 O data on the GICC05 time scale (as shown in Fig. 6 ) can be downloaded from http://www.icecores.dk.
